ABSTRACT Some hypernova (HN) explosions accompany much brighter radio afterglows than those of ordinary core-collapse supernovae (SNe), which we here term radio HNe. Due to their association with low-luminosity gamma-ray bursts (llGRBs), and with implied relativistic ejecta velocities, previous studies suggested that the enhanced radio emissions are essentially energized by relativistic jets. By re-examining some observed radio HNe based on the refreshed shock model, we find, however, that they can be consistently explained by afterglow emissions from spherical HN explosions without jet component. In this model, a sequence of shock breakout shells interacts with the circumstellar wind medium and induces multi-band synchrotron emission. Our model can be confirmed by optical synchrotron precursors from ∼ 1000 s to 1 day after shock breakouts, which are detectable by current and future high-cadence wide-field surveys. They can be also associated with ordinary HNe with an event rate of ∼ 0.32 yr −1 from 40 Mpc. Most of the precursors of such nearby HNe and also even more distant ones can be detected in the LSST era, and provide deeper insights into the GRB-SN connection through the information of energy and mass of high-velocity shells and circumstellar environment of HNe.
1. INTRODUCTION A good fraction of core-collapse supernovae (SNe) accompany radio afterglows, so called radio SNe, which are attributed to synchrotron emission from non-thermal electrons accelerated at the shock region between the circumstellar medium (CSM) and the SN ejecta (e.g., Chevalier 1998 ). Such radio afterglows have been used as a probe of dynamics and environment of the SN ejecta (e.g., Weiler et al. 2002) .
Similar, but intrinsically much brighter radio afterglows are recently reported after some broad-lined Type Ibc SNe (SNe Ibc) or hypernovae (HNe), which we here term radio HNe. Since some radio HNe associate with low-luminosity gamma-ray bursts (llGRBs) and others (SN 2009bb and SN 2012ap) with implied relativistic ejecta velocities, the enhanced radio fluxes are attributed to the central engine activity, namely, successful or failed jets (Soderberg et al. 2010; Chakraborti & Ray 2011; Lazzati et al. 2012; Chakraborti et al. 2014; Margutti et al. 2014 ). Thus, radio HNe can be a missing link of the GRB-SN connection.
Here, we re-examine the multi-band synchrotron emission associated with radio HNe, primarily to discriminate effects of central engine activities. In Section 2, we first calculate them based on the refreshed shock model, where we consider a sequence of SN shock-breakout shells going though the circumstellar wind envelope. In Section 3, we find that radio HNe can be consistently explained by the afterglow emissions from spherical HN shock breakout shells. Our model predicts optical synchrotron precursors of canonical HN emission from ∼ 1000 s to 1 day after shock breakouts, which are detectable by current and future high-cadence wide-field surveys. In Section 4, we compare our model with previous studies, which suggested explosions driven by relativistic jets, and argue that they might overestimate the energy by overlooking some factors originated from the minimum energy of synchrotron-emitting electrons. We also suggest that the detection of optical precursors will provide an important clue to probe whether HN explosions come from either relativistic jets or spherical shock breakouts. They are also expected from ordinary HNe, so that they might provide deeper insights into HN explosions.
2. REFRESHED SHOCK MODEL 2.1. Dynamics Here, we first analytically construct the model for the energy profile of SN shock-breakout shells (Section 2.1.1), and then describe their deceleration by the interaction with the CSM (Section 2.1.2).
Profiles of the Breakout Ejecta
Before shock breakout, a SN shock wave is accelerated during the propagation through the stellar surface where density declines steeply (Sakurai 1960; Johnson & McKee 1971) . A fraction of the surface layers can be accelerated up to relativistic velocities. After shock breakout, the breakout shells are further accelerated by converting the internal energy into the kinetic energy, so that a sequence of free-coasting shells are formed where outer shells have larger velocities (Matzner & McKee 1999; Tan et al. 2001) .
For these shells which have velocities larger than βc, where c is the speed of light, the cumulative kinetic energy can be described as (Matzner & McKee 1999; Tan et al. 2001 )
where Γ = 1/ 1 − β 2 is the Lorentz factor, F (Γβ) is a decreasing function of Γβ given by Equation (38) of Tan et al. (2001) as
andẼ is the coefficient which depends on the explosion parameters asẼ ∝ E 10.7/3 in
, where E in and M ej are the total explosion energy and mass of the ejecta. 
Dynamics of the Decelerating Ejecta
Following the common practice of steady progenitor mass loss, we take the number density profile of the CSM as a power law n w (R) = A 2 R −2 , where R is the radius from the center and A 2 =Ṁ /(4πv w m p ) withṀ , v w and m p being the mass loss rate, the wind velocity and the proton mass, respectively. Here, the wind velocity is fixed to a typical value for Wolf-Rayet (WR) stars of v w = 1000 km s −1 (e.g., Crowther 2007). Since the outer shells have larger velocities, though with smaller energies, a sequence of free-coasting shells are successively decelerated from the outer ones by interacting with the CSM. A shock region is formed among the decelerated shells and CSM, and is re-energized when the inner shells successively catch up with the forward ones (refreshed shock; Rees & Mészáros 1998) . When the shock velocity and radius are βc and R, respectively, the total energy in the shock region can be calculated from (Taylor 1950; Sedov 1959; Blandford & McKee 1976; De Colle et al. 2012 )
where α 1/3 2 = 0.78. 7 As long as radiative cooling is negligible, E sh (Γβ, R) is equal to the original kinetic energy E kin (> Γβ), so that the shock velocity can be estimated from (Sari & Mészáros 2000; Kyutoku et al. 2014; Barniol Duran et al. 2014 ) as
By integrating the velocity of dR/dt = β(R)c with respect to the lab-frame time t, the shock radius can be obtained as a function of t as R = R(t). After the shock velocity becomes smaller than that of the slowest shell, the dynamics is described by the Sedov-von NeumannTaylor solutions with an energy of E in .
Synchrotron Emission
6Ẽ and F (Γβ) also depend on the progenitor structure, for which we adopt the same stripped-envelope progenitor as (Tan et al. 2001) . In Equations (37) and (38) of their paper, we adopt the parameter values of q = 4.1, γp = 4/3, Cnr = 2.03, fρ = 0.63, f sph = 0.85 and A = 0.736.
7 Equation (3) reproduces the numerical results of blast wave evolution within a maximum difference of 5% (De Colle et al. 2012) .
We model the synchrotron emission following Sari et al. (1998) and Granot & Sari (2002) . Here, we assume that constant fractions of ǫ B and ǫ e of the internal energy in the shocked fluid are consumed to generate turbulent magnetic fields and to accelerate non-thermal electrons, respectively. We also assume that all swept-up electrons are injected into the acceleration process to form a power-law spectrum of index p; n(γ e )dγ e = n 0 γ −p e dγ e (γ e ≥ γ m ), where γ e is the Lorentz factor of non-thermal electrons, γ m the minimum value of it, n(γ e ) the number density of accelerated electrons, and n 0 the normalization of it, and contributes to synchrotron emission. In the deep Newtonian phase, however, we consider that only a part of the electrons are accelerated to relativistic speeds following Sironi & Giannios (2013) .
We consider the emission only from the forward shock region for simplicity. Then, the synchrotron spectrum is represented as a broken power-law connected with the following three frequencies: the absorption frequency ν a , characteristic frequency ν m and the cooling frequency ν c (Panaitescu & Kumar 2000; Inoue 2004 ). The observed light curve can be calculated with respect to the observer-frame time t obs , which is described as dt obs /dt = 1 − β(R).
The input parameters of our model areẼ, ǫ e , ǫ B , p, andṀ (or A 2 ). At radio frequencies, the absorption frequency ν a shapes the spectrum peak (e.g., Chevalier 1998). Then, by identifying the spectrum peak frequency and flux, we can estimate the energyẼ and the wind parameterṀ (or A 2 ) for each set of ǫ e and ǫ B , while the value of p is determined from the spectrum slope at high frequencies.
3. RESULT Based on the refreshed shock model described in the previous section, we calculate synchrotron spectra and light curves from HN ejecta interacting with the CSM. We first compare them with those of the representative radio HN, SN 2009bb, whose observed data are available in Soderberg et al. (2010) .
In Figure 1 , we show the fitting results of the radio afterglow of SN 2009bb. The black points correspond to the observed data from Soderberg et al. (2010) . For comparison with Soderberg et al. (2010) , we adopt ǫ e = ǫ B = 0.33, p = 3 and D = 40 Mpc, where D is the distance to the source. Then we obtainẼ = 6 × 10 43 erg andṀ = 10 −6 M ⊙ yr −1 to reproduce the radio afterglow (blue solid line). For comparison, we also show the results of higher (Ṁ = 10 −5 M ⊙ yr −1 ) and lower (Ṁ = 10 −7 M ⊙ yr −1 ) mass loss cases with the dashed and dotted lines, respectively. One sees that the radio flux and the peak time are larger and later, respectively, for higher wind density.
In Figure 2 , we show the cumulative energy distribution within the ejecta as a function of Γβ. The blue solid line is calculated from Equations (1) and (2) On the other hand, the dashed line is estimated by previous authors (Soderberg et al. 2010; Margutti et al. 2014) . The red point is the explosion energy of SN 2009bb E in ∼ 10 52 erg obtained in Pignata et al. (2011) . On each line, the shaded regions correspond to the shells contributing to radio (yellow) and optical (green) synchrotron emission, respectively.
previous authors (Soderberg et al. 2010; Margutti et al. 2014 ). On each line, the shaded regions correspond to the shells contributing to radio (yellow) and optical (green) synchrotron emission, respectively. From Figures 1 and  2 , we find that the radio HN is consistently explained by the afterglow emissions of spherical HN shock breakout shells without jet component. The radio emitting shells have Γβ ∼ 0.4-0.2 and the cumulative energies of E sh ∼ 10 48 -10 49 erg for t obs ∼ 10-10 3 day (the yellow region on the solid line). On the other hand, previous authors suggested that it reflects the explosion induced by a relativistic jet based on the energy distribution they estimated (the dashed line in Figure 2) , where mildlyrelativistic shells of the ejecta have much larger energy than SN shock-breakout shells will have (the solid line). We revisit this point later in Section 4. (Pignata et al. 2011 ) and the dashed lines to the 5-σ sensitivity of PTF (60 s), KISS (180 s), Pan-STARRS (30 s), and LSST (30 s) from up to bottom, respectively, where the values in the parentheses correspond to the integration times. We see that an optical synchrotron precursor is predicted against the canonical SN emission for t obs < 1 day. Especially for t obs 0.1 day, such a precursor may be detected by the current detectors. For comparison, we also show the results of higher (Ṁ = 10 −5 M ⊙ yr −1 ) and lower (Ṁ = 10 −7 M ⊙ yr −1 ) mass loss cases with the dashed and dotted lines, respectively.
Next, we discuss optical counterparts of radio HNe. In Figure 3 , the blue solid line represents the optical synchrotron flux calculated from the above parameter values, and the black points the r-band light curve of SN 2009bb (Pignata et al. 2011) . Here, we adopt the color excess of E B−V = 0.58 (Pignata et al. 2011 8 from up to bottom, respectively, where the values in the parentheses correspond to the integration times. We find that ∼ 1000 s to 1 day after shock breakouts, such optical synchrotron emissions can be seen as precursors of canonical HN emission. Especially for t obs 0.1 day, such precursors are detectable even by the current detectors. For comparison, we also show the cases of higher (Ṁ = 10 −5 M ⊙ yr −1 ) and lower (Ṁ = 10 −7 M ⊙ yr −1 ) mass loss rates with the dashed and dotted lines, respectively. Brighter precursors are expected for denser wind envelopes. Note that the optical precursor comes from higher-velocity shells compared to radio-emitting shells: they have Γβ ∼ 1-0.5 and the cumulative energies of E sh ∼ 10 46 -10 47 erg for t obs ∼ 10 −2 -1 day (the green region on the solid line in Figure 2 ).
4. DISCUSSION Here, we re-examine multi-band synchrotron emission associated with radio HNe. Based on the refreshed shock model, we show that radio HNe can be consistently explained by afterglow emissions from spherical HN shock breakout shells (Figures 1 and 2) . We predict optical synchrotron precursors ∼ 1000 s to 1 day after shock breakouts ( Figure 3 ), which are detectable by current and future high-cadence wide-field surveys.
Fitting the radio spectrum of SN 2009bb at t obs ∼ 20 day, Soderberg et al. (2010) estimated Γβ ∼ 0.85, E sh ∼ 10 49 erg (the yellow point on the dashed line in Figure 2 ), andṀ = 2 × 10 −6 M ⊙ yr −1 . We speculate, however, that they might overestimate these values by overlooking factors originated from γ m . If we assume that all swept-up CSM electrons are accelerated to form a power-law spectrum as in Section 2.2, the number and energy density of the accelerated electrons are calculated from
2 dγ e = ǫ e 4Γ(Γ − 1)n w m p c 2 , where m e is the electron mass, since those of the shocked CSM are 4Γn w and 4Γ(Γ − 1)n w m p c 2 , respectively (Blandford & McKee 1976) . From the above two equations, γ m can be evaluated as γ m = ǫ e (Γ − 1)(m p /m e )(p − 2)/(p − 1), which leads to γ m ∼ 100 for p = 3, ǫ e = 0.33, and Γβ = 0.85. When the observed radio spectrum is fitted by the synchrotron self-absorption model at some time t fit , the emission radius and the magnetic field strength at t fit weakly depend on γ m,fit , i.e., γ m at t fit , as R fit ∝ γ 9 However, this is not the case for the internal energy and mass loss rate, which depend strongly on γ m,fit as E sh ∝ R m,fit , respectively. Then, we reevaluate the above quantities including the large factor of γ m,fit ∼ 100 at t fit = 20 day following the same prescription as Soderberg et al. (2010) , and obtain Γβ ∼ 0.67, E sh ∼ 7 × 10 47 erg, anḋ M = 3 × 10 −7 M ⊙ yr −1 , while their original results are reproduced when we set γ m,fit = 1. Thus, we speculate that they might overestimate these values by overlooking the large factor, while their results would be consistent with ours if they correct this point. 9 The dependence on γ m,fit can be seen from Equations (11) and (12) of Chevalier (1998) , by replacing E l , the minimum energy of non-thermal electrons, with γ m,fit mec 2 , which is also pointed out in Chevalier & Fransson (2006) . The mass loss rate can be rewritten fromṀ = 4πR 2 ρwvw and
obs B 2 , where we use R ∼ βct obs in the non-relativistic limit. Then its dependence is found to beṀ ∝ γ We should note, however, that there are large uncertainties in our phenomenological parameters and also in the minimum energy of non-thermal electrons. The detection of optical precursors is crucial to test our scenario, and can provide a clue on whether HN explosions originate from relativistic jets, spherical shock breakouts or else since they inform us of the energy, velocity, and mass of higher-velocity shells like the green shaded region in Figure 2 , and the circumstellar environment. They could potentially associate not only with radio HNe but also with ordinary HNe. Then, given that the event rate of HNe is ∼ 7 % of SNe Ibc (Guetta & Della Valle 2007) , the rate of optical precursors is maximally estimated as ∼ 0.32 yr −1 from 40 Mpc. Most of them and even more distant events could be detected in the LSST era and provide deeper insight into the GRB-SN connection. It should be noted that optical precursors would not be hidden by SN shock breakout emission since its duration and spectrum peak are expected to be R WR /c ∼ 1-10 s and be at UV to X-ray bands, considering typical strippedenvelope WR progenitors (Chevalier & Fransson 2008) .
At the early evolution stage (t obs 0.3 day), when the blast wave radius is still small and the CSM is dense enough, we find that the absorption frequency ν a becomes larger than the cooling frequency ν c . In this case, self-absorption may become a heating source of the accelerated electrons and they are piled up at a Lorentz factor where self-absorption heating and synchrotron cooling balance each other (McCray 1969; Ghisellini et al. 1988) . Moreover, radiations approach the quasi-thermal spectrum for ν < ν a , so that the synchrotron precursor may be varied from Figure 3 if ν opt < ν a , where ν opt is typical frequency in optical band. However, we find that ν opt > ν a ∼ 2 × 10 12 (t/0.1 day) −0.84 Hz for fiducial parameters ǫ e = ǫ B = 0.33,Ẽ = 6 × 10 43 erg andṀ = 10 −6 M ⊙ yr −1 . Therefore, the self-absorption heating does not change the optical precursor in Figure  3 qualitatively.
We also check that inverse Compton (IC) emission does not significantly vary our results, as long as we adopt the fiducial parameters of equipartition. We here consider the synchrotron-self-Compton (SSC) emission and external-IC (EIC) emission. For SSC emission, we evaluate the Compton Y parameter as Y SSC < 0.62 (Sari & Esin 2001) and find that it is weak for all the time. For EIC emission, SN thermal photons dominate the external radiation field, so that we compare the energy density of SN thermal photons U rad ∼ 0.11(L bol /10 42.7 erg s −1 )t −1.8 10d erg cm −3 with that of the magnetic filed U B ∼ 0.034 t −2 10d erg cm −3 , where L bol is the bolometric peak luminosity and t 10d = t/10 day. As we see from Figure 3 , for t obs > 50 day, the SN becomes dim enough so that U rad ≪ U B and the EIC emission is negligible, while for t obs 50 day, U rad U B and it can be the dominant cooling process. Since the observed radio light curve is reproduced quite well for t obs > 50 day with the synchrotron emission model (Figure 1) , EIC does not affect to determine the model parameters.
Recently, Barniol Duran et al. (2014) calculated the afterglow emissions of relativistic shock breakout shells using the refreshed shock model, and showed that both prompt and afterglow emissions of some radio HNe associated with llGRBs are consistently explained in the framework of relativistic shock breakout (Nakar & Sari 2012) . However, they mainly focused on the llGRBs and late-time ( 1 day) afterglow emissions, and did not consider the trans-relativistic portion of decelerating shells, which is important in our set-up.
